We present the electronic band structures and dielectric tensors for a series of crystalline linear oligoacenes-i.e., naphthalene, anthracene, tetracene, and pentacene-calculated within the density functional framework. The band dispersions, the effective charge carrier masses, and the optical response are discussed as a function of the oligomer length compared to previously reported calculations. The total band dispersions of the two topmost valence and lowest conduction bands are between 0.14 and 0.52 eV, which, however, are strongly anisotropic. Regarding the charge transport properties, the band dispersions are large enough for bandlike transport only along crystalline directions within the herringbone plane. Except for naphthalene, the conduction bands are more dispersive than the valence bands. This indicates that the electron transport is favored compared to hole migration. The revised stable pentacene single-crystal structure exhibits the largest conduction-band dispersions among the series. Consequently the effective electron masses in pentacene are only 0.8m 0 , whereas the hole masses are in the order of 1.3m 0 . The electronic and optical gaps and thus the onset of the optical response decrease almost linearly, when going from naphthalene to pentacene.
I. INTRODUCTION
In recent plastic electronic research, not only have conducting polymers been the focus of interest, but also organic materials consisting of small -conjugated molecules have experienced thorough investigations. Their applicability in innovative optoelectronic devices such as organic thin-film transistors 1,2 is due to their ability to form well-defined molecular crystals. Thus these compounds allow for the preparation of crystalline thin films, which exhibit high-field-effect mobilities at room temperature. Particularly in pentacene thin-film transistors, high carrier mobilities for hole transport between 0.3 and 1.5 cm 2 / ͑V s͒ have been observed. 3 In view of their potential in such organic optoelectronic applications, a variety of measurements have been performed on the linear oligoacenes to determine their electronic and optical properties-e.g., charge carrier mobilities 4, 5 and photoconductivity. 6 Concerning the former, recent theoretical investigations [7] [8] [9] report different results for the pentacene band dispersion-i.e., the quantity that allows one to estimate the charge carrier mobilities.
Regarding the optical properties, the nature of the lowest optical transitions in such organic semiconductors has been of great interest and comprehensively studied in the past. Ab initio calculations successfully contributed to this puzzle, revealing the importance of the interchain interaction for the excitonic effects in polymers. [10] [11] [12] In contrast to polymers, organic molecular crystals are built of finite molecules. Therefore, the electronic and optical properties are expected to differ from those of organic polymers. This added another motivation to investigate the dependence of the electronic properties and optical response on the oligmer length. The considered materials are the first four members in the group of linear oligoacenes-i.e., naphthalene ͑2A͒, anthracene ͑3A͒, tetracene ͑4A͒, and pentacene ͑5A͒. 5A is polymorph and crystallizes in different phases depending on the growth conditions and film thickness. Since higher charge carrier mobilities are expected for the single-crystalline phase, this aspect is particularly important for the preparation of thinfilm transistor devices. Therefore, we have extended our study by the recently revised pentacene single-crystal structure 13 for comparison. Thereby, also the sensibility of the electronic properties on the minor structural changes becomes clear.
The thorough investigation of the oligoacenes' optical properties taking into account excitonic effects, which is published in Ref. 14, gives a clear picture of the nature of the lowest optical transitions and their dependence on the molecular size. In the present work we focus on the electronic properties of the oligoacenes. In particular their band structures are discussed with respect to the molecular size. In view of the transport properties the band dispersions are carefully analyzed and the effective charge carrier masses are evaluated. Their densities of states ͑DOS͒ as well as dielectric tensors are also presented.
II. COMPUTATIONAL DETAILS

A. Crystalline structure information
Each single oligoacene molecule consist of sp 2 -hybridized carbon atoms ͑C͒ and hydrogen atoms ͑H͒. In particular, each C forms three covalent bonds, the fourth valence electron resides in a 2p orbital perpendicular to the molecular plane generating the aromatic -electron cloud. The oligoacene molecules are rather rigid and planar due to this aromatic type of bonding. This planarity is preserved in the crystalline environment. As example for the oligoacenes ͑nA͒, the anthracene molecule is depicted in Fig. 1 . n in nA indicates the number of repeating phenyl rings and equals 2, 3, 4, and 5, for naphthalene, anthracene, tetracene, and pentacene, respectively. The black ͑gray͒ lines represent C u C ͑C u H͒ bonds, whereas the ellipses visualize the -electron cloud.
The lattice parameters of all the studied materials and their chemical formulas are given in Table I . At ambient conditions, 2A and 3A crystallize in the monoclinic structure P2 1 / a, whereas 4A and 5A are characterized by the triclinic space group P1. The main structural features of these materials are the herringbone arrangement of two inequivalent molecules in the ab plane ͑see Fig. 1͒ and a layered structure of molecules along the c axis, which is common for rigid rod-like molecules. According to the thorough structure investigations of 5A by Mattheus et al., 13, 19 four different polymorphs have been recently characterized. In order to distinguish these structures the d spacing of the ͑001͒ reflection has been evaluated. Already in the 1960s, a single-crystal phase with a d spacing of 14.5 Å had been identified by Campbell et al. 18, 20 However, the more recent experiments of Holmes et al. 21 and Mattheus et al. 13, 19 reveal that the stable single-crystal pentacene phase has interchanged a and b axes and a much smaller d spacing of 14.1 Å. The lattice constants of the latter structure can be transformed into those reported by Campbell et al., but the angles ␣ and ␤ differ, resulting in a deviation of the d spacing. For our calculations, we have used both these structures, which are in the following referred to as 5A-C and 5A-M, respectively. In Fig. 2 the ac plane of 5A-C ͑top͒ as well as the bc plane of the 5A-M structure ͑bottom͒ are shown to visualize the small structural differences. In addition to the change in the d spacing, the molecules corresponding to one layer are shifted with respect to the molecules of the neighboring layer. Moreover, the herringbone angle , which is defined as the angle between the normal vectors to the molecular planes of the two inequivalent molecules, is roughly 20°larger in 5A-M-i.e., 162.26°and 140.14°in 5A-M and 5A-C, respec- tively. At this point, we also want to comment on the pentacene thin-film structures in order to avoid confusion when comparing our pentacene results to literature data. 8, 9 Siegrist et al. 22 determined a 5A phase, which is very similar to the d = 14.1 Å structure previously reported by Holmes et al. 21 Since their phase preferably appeared in vapor-phase deposited films under special growth conditions, it has been called a "V phase" in contrast to the "S phase" denoting the structure by Campbell et al. However, the so-called 5A "V phase" turned out to be the stable single-crystal structure, whereas the thin-film phases adopt d spacings of 14.4, 15.0, and 15.4 Å. 13, 19 Concerning the analysis of the band structures below, we want to emphasize an important aspect resulting from the materials' crystal symmetry. Due to the herringbone arrangement of the molecules, each band in the band structures appears doubled, forming a band pair. Besides some highsymmetry points in the irreducible wedge of the Brillouin zone ͑IBZ͒ ͑see Fig. 3͒ , the bands of these pairs are nondegenerate, leading to band splitting.
B. Method of calculation
We apply the full-potential ͑FP͒ augmented plane-wave plus local orbitals ͑APW+ lo͒ formalism 23 as implemented in the WIEN2k code 24 to perform the ground-state calculations. Exchange and correlation effects have been treated by the generalized gradient approximation ͑GGA͒. 25 The k-space integrations have been carried out by an improved tetrahedron method 26 on a grid of six ͑five͒ k points in the IBZ for 2A, 3A, 5A-C, and 5A-M ͑4A͒. Starting from the lattice parameters of nA given in Table I the internal geometry has been optimized; i.e., the atomic positions have been relaxed by minimizing the forces acting on the atoms to be less than 2 mRy/ a.u. ͑0.05 eV/ Å͒ in magnitude. In each selfconsistent cycle, the atomic forces were converged better than 1 mRy/ a.u., resulting in a total energy convergence of 0.1 mRy.
The oligoacene band structures have been computed on a discrete k mesh along high-symmetry directions. Although the IBZ's of the different structures are not identical, the chosen k paths represent high-symmetry lines for all lattice types and thus allow for comparison of the band structures. The reciprocal coordinates of the high-symmetric points ⌫, Y, Z, A, B, and D in units of ͑2 / a ,2 / b ,2 / c͒ are ͑0,0,0͒, ͑0.5,0,0͒, ͑0,0,0.5͒, ͑0.5,0.5,0͒, ͑0,0.5,0͒, and ͑0.5, 0.5, −0.5͒, respectively. Note that ⌫Y ͑⌫B͒ is parallel to the reciprocal crystalline a * ͑b * ͒ axis, whereas ⌫Z corresponds to the c * direction. The path along ⌫A describes the k-point sampling in the herringbone plane-i.e., the ab plane ͑see last panel in Fig. 3͒ . The imaginary part of the dielectric tensor 2 ij ͑͒ has been calculated within the random phase approximation 27 ͑RPA͒:
͑1͒
The indices v ͑c͒ and k represent the valence ͑conduction͒ band and a vector k in the IBZ. V and stand for the unitcell volume and the frequency of the incoming light, respectively, whereas i and j indicate the polarization direction of the optical response. ͗vk͉p i ͉ck͘ are the optical dipole matrix elements, where p i denotes the ith Cartesian component of the momentum operator. These matrix elements that provide the selection rules for 2 ij ͑͒ have been computed on a dense grid of a ͑13ϫ 14ϫ 9͒ k points in an energy window from plus to minus 1.5 Ry with respect to the Fermi level.
The valence-and conduction-state energies ⑀ vk and ⑀ ck have been approximated by the Kohn-Sham eigenvalues corrected by a k-independent self-energy ͑scissors operator ⌬ c ͒ ͑Ref. 28͒, such that the optical gap calculated by taking into account the electron-hole Coulomb interaction matches the experimentally observed one.
14 The same ⌬ c has also been applied to 5A-M. Further details on the APW+ lo specific parameters, like muffin-tin radii, plane-wave cutoff, and R MT K max as well as k-point convergence tests for the optical dipole matrix elements, are summarized elsewhere. 29 The RPA does not account for the electron-hole interaction and thus is not able to describe excitonic effects, which can be achieved by solving the Bethe-Salpeter equation. Since the n dependence of the optical response is more strongly pronounced than the excitonic effects that are only important close to the optical gap, we have used the RPA for the aim of our study.
According to the monoclinic and triclinic symmetry of nA, the imaginary part of the frequency-dependent dielectric tensor consists of the Cartesian diagonal elements 2 zz ͑͒, 2 yy ͑͒, and 2 xx ͑͒ and the additional off-diagonal components 2 xy ͑͒, 2 xz ͑͒, and 2 yz ͑͒, respectively. In the monoclinic unit cells, the Cartesian axis y ͑z͒ is equivalent to the crystalline b ͑c͒ axis, while the a axis deviates from x by the monoclinic angle ␤. Therefore, 2 yy ͑͒ and 2 zz ͑͒ describe the b-and c-axis-polarized transitions, respectively. Due to the loss of the screw axis symmetry in triclinic 4A and 5A, only the c axis remains parallel to the Cartesian z axis. In order to allow for a comparison with experiments performed on crystalline samples, the Cartesian components of the dielectric tensors have been transformed into those corresponding to the crystalline axes.
III. RESULTS AND DISCUSSION
In the following sections the band structures and DOS of the investigated oligoacenes as well as the calculated electronic band gaps, band splittings, band dispersions, and effective charge carrier masses are presented. Our theoretical findings are compared to the results obtained within the tight-binding approximation by Cheng et al. 7 and the recent first-principles results of Endres et al. 8 and Tiago et al. 9 The last section is devoted to the discussion of the dielectric tensors as a function of the molecular size. the bottom viewgraph of Fig. 3 . The subbands corresponding to the uppermost valence-band ͑VB͒ pair and lowest conduction-band ͑CB͒ pair as well as their corresponding DOS are highlighted in gray in these figures. The high anisotropy of the band dispersions is a common feature within the series. Taking a closer look it is noticeable that the band structures of the monoclinic 2A and 3A are similar, but are clearly distinct from those of the triclinic compounds. This becomes particularly evident when analyzing the band splitting and band dispersions. Further, the band structure of 4A is alike that of 5A-C. However, the structural differences between 5A-C and 5A-M are apparent in their electron bands. When going from the monoclinic structures to the triclinic phases, the changes of the electron bands are significant. In the region between points B and D, ͑i͒ the subbands of the VB increase their splitting and change the sign of the curvature but become much flatter along the other directions, ͑ii͒ the degeneracy between B and A is lost, and ͑iii͒ the conduction bands increase their parabolicity and dispersion. According to ͑iii͒, the CB bandwidths W CB increase within the series. At this point we want to emphasize that we define the bandwidth of a band pair as the energy range covered by the continuous region in the DOS, whereas the band dispersion is determined by the single subband. Thereby we clearly distinguish between these two quantities. Consequently, the bandwidth includes the band dispersion and/or band splitting, whichever is the determining one. In 5A-M, the sequence of a rather dispersed and a flat subband in the VB and vice versa in the CB is distinctive. The parabolic band features are also evident in the DOS corresponding to these bands.
Going from 2A to 5A-C ͑5A-M͒ we find 340, 337, 315, 324 ͑514͒ meV and 215, 467, 528, 518 ͑666͒ meV for W VB and W CB , respectively. While W VB is roughly constant within the series, W CB increases. In 5A-M both, W VB and W CB are significantly larger and solely determined by the band splitting at point D. In contrast, in 2A and 3A, W VB is equal to the band dispersion of VB 2 . In the remaining cases the bandwidths are determined by the combination of band splitting and band dispersion. Recent GW calculations of the 5A-C and 5A-M structure presented by Tiago et al. 9 yielded very similar values for W VB as well as W CB , which makes us confident that GW calculations for the remaining members of the series would probably give similar results to those obtained with density functional theory ͑DFT͒ within the APW+ lo formalism. In comparison to the bandwidths reported by Cheng et al. 7 our values are smaller. Since the band dispersion of each subband and their splitting contribute to the bandwidths, the proper description of the band anisotropy is important. We further refer to these differences in the section below, when we discuss the band dispersions and splitting in detail.
Band gaps
The Kohn-Sham band gaps of all oligoacenes deduced from the band structures are listed in Table II . Compared to experiment [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] these values are underestimated as expected from DFT calculations. However, our results perfectly reproduce the experimentally observed decrease of the band gap with increasing oligomer length n, which is also illustrated in the left panel of Fig. 5 . By plotting the band gap versus the inverse oligomer length a nearly linear relation is obtained for the oligoacenes similarly to the oligophenylenes. 41, 42 As can be seen from the right panel in Fig. 5 , this linearity is broken by a kink that marks the transition from monoclinic unit cells to triclinic space groups. While in the monoclinic structures, the fundamental band gaps are indirect gaps, in triclinic 4A, 5A-C, and 5A-M the lowest direct gaps occur at point D. The lowest direct energy gaps in 2A and 3A are approximately 0.06 eV larger than the fundamental ones. Since the direct gaps evaluated at these points differ only by less than 1 meV, the calculation hardly allows one to resolve between A and D. Tiago et al. 9 reported a Kohn-Sham gap of 0.8 eV and 0.7 eV for 5A-C and 5A-M, respectively, which is also reproduced by our calculations. The band gap of the 5A-C structure at the ⌫ point is 0.98 eV, which is in excellent agreement with the 0.95 eV reported by Endres et al. 8 The corresponding value for 5A-M is 0.97 eV.
Band splittings
Let us now focus on the band splitting, which has also been evaluated from the band structures. Figure 6 shows the band splitting of the VB and CB at high-symmetry points in the IBZ as a function of the oligomer length n. While in 2A, the VB and CB exhibit the largest splitting at points Z and ⌫, respectively, in 3A, the maximum splitting of both bands is obtained at point Z. In contrast, the VB in 4A and the CB in 5A-C exhibit the largest splitting at point A, whereas the CB in 4A and the VB in 5A-C reach the maximum splitting at point D. In 5A-M the splitting of all subbands ͑open symbols in Fig. 6͒ is largest at the D point. Note that the VB and CB of 2A and 3A are degenerate at A and D. In 5A-C the band splitting of the VB ͑CB͒ at the points ⌫, Z, and A ͑i.e., K in Ref. 8͒ is 164 ͑27͒ meV, 135 ͑31͒ meV, and 311 ͑512͒ meV, respectively. These values agree within 3% with the values extracted from the DFT calculations of Endres et al., 8 except that the splitting of the CB at A is roughly 20% larger. The analogous values of splitting at ⌫ and Z ͑A͒ reported by Cheng et al., 7 which have been obtained by a tight-binding approximation to the band structure, are much higher ͑smaller͒ compared to both DFT results. This difference is attributed to the inherent difference between the theoretical approaches. While the latter takes into account the full threedimensional ͑3D͒ crystalline environment, it is not fully considered in case of the semiempirical tight-binding calculations.
Band dispersions
In the following we discuss the band dispersions of the oligoacenes. These quantities can be related to the effective carrier masses and further to the charge carrier mobilities. In Table III , we summarize the band dispersions for the single bands close to the Fermi level, which are relevant for the charge transport in the directions corresponding to the reciprocal crystalline axes a * , b * , and c * and in the herringbone packing direction ͑a * + b * ͒. These directions are equivalent to ⌫Y, ⌫B, ⌫Z, and ⌫A, respectively. The values corresponding to the largest dispersions among these directions are highlighted with bold letters in Table III . Additionally, the dispersion is evaluated for the whole band as energy difference between each single-band minimum and maximum. In order to distinguish between the subbands of the VB and CB, we introduce a subscript, which denotes the sequence of the single bands downwards and upwards in energy from the Fermi level. From Table III it becomes clearer that the monoclinic and triclinic band structures are different, whereas those belonging to the same space group exhibit similarities. In both 2A and 3A, the band dispersions of VB 2 , VB 1 , and CB 2 are largest along ⌫A ͑a * + b * ͒, but CB 1 is highly dispersive along ⌫Y ͑a * ͒. When going from 2A to 3A the band dispersions increase in most of the directions considered. In contrast, for each direction the values for 4A and 5A-C are similar in magnitude. In particular, their valence bands are less dispersed than those of the monoclinic phases. Except along ⌫A the lowest unoccupied conduction bands of the triclinic structures exhibit band dispersions comparable to 3A. In 4A and 5A-C, the band dispersion of VB 1 is largest along ⌫B, while CB 1 , CB 2 , and VB 2 reach their maximum between ⌫ and A. All these directions of largest dispersion are perpendicular to the long molecular axis, which is approximately the c * direction ͑⌫Z͒. When now focusing on the 5A-M values, the minor structural changes, in particular the increased herringbone angle, are significant for the band features. From a general point of view, the bands are clearly more dispersive in 5A-M, exhibiting the largest total subband dispersions within the series of oligoacenes ͑see last column of Table III͒. Note that in comparison to 5A-C, the a and b crystalline axes are interchanged in 5A-M. Therefore the band dispersion of VB 1 ͑0.14 eV͒ is largest along ⌫Y in 5A-M, but along ⌫B in 5A-C. The dispersion of CB 1 is also maximal in ⌫Y and of similar magnitude-i.e., 0.19 eV. In turn, the VB 2 and CB 2 dispersions are still highest in the herringbone packing direc- tion. Previous investigations of the structural and electronic properties of anthracene 43 and oligophenylenes 44 as well as fluorene 45 under pressure have revealed that the intermolecular interactions, which are mainly -interactions, are governed by the herringbone arrangement of the molecules. Furthermore, increasing the herringbone angle significantly enhances the intermolecular interaction and thus the band dispersion in the herringbone plane. Based on these findings, we conclude that the enhanced band dispersion along ⌫Y and the herringbone plane can be related to the increase of the herringbone angle in 5A-M compared to 5A-C. Coherent bandlike transport is related to reasonably large band dispersion, which is highly sensitive to the molecular arrangement. For this reason, in particular the structural-induced increase in the 5A-M material shown here is an important issue for device applications. For example, the superior hole transport that has been observed in the pentacene thin-film transistors 3,46,47 may be understood in terms of the band structure of the underlying pentacene thin-film phase.
When comparing our FP-APW band dispersions of 5A-C with the pseudopotential calculation of Endres et al., 8 we find an overall agreement for all considered directions listed in Table III . The significantly large values of the CB subband dispersions in the ͑a * + b * ͒ direction is also confirmed. Small deviations may be attributed to a denser k-point sampling used for the structure relaxation in our FP-APW calculation.
In summary we can conclude from the band structure analysis that ͑i͒ the band structures of the monoclinic materials are different from those of the triclinic compounds, ͑ii͒ the intermolecular interaction is less pronounced in the c direction, resulting in flatter bands along ⌫Z, and ͑iii͒ the largest band dispersions are exhibited in the herringbone plane. The latter two points apply to all investigated oligoacenes and, as a consequence of ͑iii͒, the highest charge carrier mobilities are expected along directions in the ͑ab͒ plane. These conclusions have also been drawn from the semiempirical quantum-chemical method presented in Ref.
7. However, the details of their band structures do not sufficiently agree with our ab initio results. In particular, the latter show that strongly pronounced differences in the subband anisotropy are exhibited in these materials. Consequently, the tight-binding approximation to the band dispersions 7 yields values generally larger than our ab initio findings, leading to an overestimation of the bandwidths. Moreover, in the former work a significant increase of both the VB and CB total bandwidths with the oligomer length is observed, which is not reproduced by the FP-APW method. We believe that the various differences in the two approaches are responsible for these discrepancies: Besides from using a semiempirical quantum-chemical method, Ref. 7 does not fully take into account the 3D periodicity, but only considers a molecular cluster. The full 3D environment is, however, crucial for a proper description of the electronic properties. This is also supported by the fact that the ab initio pentacene bandwidths reported by Endres et al. 8 as well as Tiago et al. 9 are in good agreement with our findings.
B. Effective charge carrier masses
The nature of charge carrier transport in organic crystals is still under vivid discussion. When switching now to the triclinic systems, the important fact is that these structures exhibit large splittings between VB 1 ͑CB 1 ͒ and VB 2 ͑CB 2 ͒ at point D, where also the lowest band-to-band transition occurs. However, VB 1 and CB 1 are rather flat, yielding large carrier masses. In contrast, the effective masses resulting from the VB 2 and CB 2 dispersions are much lower, which is in agreement with experimental findings. We assume that the small band gap in combination with the highly dispersed VB 2 and CB 2 controls the outstanding transport properties in pentacene. 1 According to the simple approach known for the parabolic bands in inorganic semiconductors the charge carrier mobility is inversely proportional to the effective mass m * , which in turn depends on the inverse of the band dispersion:
In order to estimate the effective electron ͑hole͒ mass m e * ͑m h * ͒ we have fitted the oligoacene bands, which are possibly involved in the charge carrier transport to Eq. ͑2͒. These are in particular VB 2 and CB 2 at the points A and D towards ⌫. The corresponding data are summarized in Table IV , where the values given in parenthesis correspond to the parabolic branch A towards B. As evident from the numbers given in Table IV , m e * is generally smaller than m h * . When going from 2A to 5A-M, m e * clearly decreases within the series, whereas m h * is significantly smaller in 2A and 3A compared to 4A and 5A-C /5A-M. When comparing 5A-C and 5A-M, both m h * and m e * are drastically reduced. Within the series, the smallest effective masses are estimated for 5A-M-i.e., ͑0.8± 0.1͒m 0 and ͑1.3± 0.4͒m 0 for m e * and m h * , respectively. These results are consistent with the calculations reported in Ref. 51 .
C. Linear optical response
In the following we present the calculated dielectric tensors for the series of oligoacenes as a function of the molecular size and the polarization of the exciting radiation. In Fig. 7 the three components of 2 ͑͒-i.e., the response to incoming light with an electric field vector E parallel to the crystal axes a, b, and c-are depicted. The optical transition with the strongest oscillator strength-i.e., the response to c-polarized light-is plotted in gray and related to the right y axis. For clarity, the two y axes have been differently scaled for each material. Take this into account when comparing the peak heights ͑oscillator strengths͒. As has been shown for anthracene 52 the lowest optical response in all linear oligoacenes is generated by b-axis-polarized light and has rather weak oscillator strength. The dominant c-axis-polarized transition appears at higher energies. This behavior of the oligoacenes is clearly different from the oligophenylens 44 and fluorene, 45 which have been previously studied. The a component of 2 ͑͒ plays a minor role and bears a contribution of the c component. The latter is also the case for the b component of the triclinic structures. In all oligoacenes the RPA onset matches the smallest direct band gap, reflecting that this optical absorption process is an allowed interband transition. When going from 2A to 5A-C ͑5A-M͒ the absorption onset is shifted to lower energies ͑redshift͒, which is in accordance with the reduction of the band gap. This redshift, however, is less pronounced for the c-axis-polarized transition. When comparing 5A-C and 5A-M we point out that due to the different axis assignment ͑see Table I͒ , the a and b components of 2 ͑͒ are interchanged. A main difference is found in the position and shape of the c-axis-polarized peak. In 5A-M it is slightly shifted to higher energies, whereas a distinct shoulder is found at the position of the 5A-C peak.
IV. CONCLUSIONS
In our comprehensive ab initio investigation of the electronic properties of linear oligoacenes, we have addressed the question as to how these properties depend on the molecular size. From a detailed analysis of the band structures we are able to conclude that the conduction bands exhibit dispersions between 0.14 and 0.52 eV, whereas those of the valence bands are in the range of 0.14-0.34 eV. The largest band dispersions are found in directions within the herringbone plane. In contrast, the bands are rather flat along the crystalline c axis, which is the direction of the layer formation in these crystals with their molecules aligning to their long axis. The increase of the herringbone angle in 5A-M compared to 5A-C significantly alters the band structure; in particular, the band dispersions are enhanced in the herringbone plane in 5A-M. The fact that the electronic band gap is much smaller in 5A-M compared to 3A in combination with the rather wide valence and conduction bands in the herringbone plane can explain the superior transport properties ͑charge carrier generation and carrier mobilities͒ found for pentacene. The effective electron masses estimated from the band dispersions are drastically reduced within the series. The effective hole masses obtained for the monoclinic structures are smaller than those found in 4A and 5A-C. From a comparison to other theoretical approaches we conclude that the consideration of the full periodicity is very important for a proper description of the electronic properties of organic FIG. 7 . Linear optical response 2 ͑͒ to incoming light with an electric field vector E parallel to the crystal axes a, b, and c, respectively. A lifetime broadening of 0.05 eV has been included. The amplitude of the strong c-polarized absorption given in gray is plotted against the right y axis. molecular crystals. Regarding the application in thin-film transistors, detailed knowledge of the underlying crystal structure is crucial for the understanding of the electronic and optical properties. For this reason a theoretical investigation of the tetracene and pentacene thin-film polymorphs is the subject of future work.
